Anatomically pre-contoured fracture fixation plates are a treatment option for bone fractures. A well-fitting plate can be used as a tool for anatomical reduction of the fractured bone. However, recent studies showed that some plates fit poorly for many patients due to considerable shape variations between bones of the same anatomical site. Therefore, the plates have to be manually fitted and deformed by surgeons to fit each patient optimally. The process is time-intensive and labor-intensive, and could lead to adverse clinical implications such as wound infection or plate failure. This paper proposes a new iterative method to simulate the patient-specific deformation of an optimally fitting plate for pre-operative planning purposes. We further demonstrate the validation of the method through a case study. The proposed method involves the integration of four commercially available software tools, Matlab, Rapidform2006, SolidWorks, and ANSYS, each performing specific tasks to obtain a plate shape that fits optimally for an individual tibia and is mechanically safe. A typical challenge when crossing multiple platforms is to ensure correct data transfer. We present an example of the implementation of the proposed method to demonstrate successful data transfer between the four platforms and the feasibility of the method.
Introduction
Anatomically pre-contoured orthopedic plates are increasingly used for fracture fixation of specific anatomical sites as a means to restore the original anatomy of the bone and consequently the bone function. 1, 2 A clinically nonoptimal plate fit may lead to complications such as fracture malreduction or secondary surgery. In less extreme cases, a nonoptimal plate fit causes plate protrusion and irritation for the patient, especially in the area where the soft tissue covering is thin, such as in the distal medial tibia region. 3 Variations in bone morphology, whether within a population or between populations, result in poorly fitting plates for some patients. [4] [5] [6] This is mainly because the design basis is the average bone shape of a specific population. The mismatch between the plate and the patient's bone anatomy becomes more apparent when the plate is used outside of the intended population. To obtain optimal fit, surgeons need to deform the plate manually, either preoperatively or intra-operatively.
A fracture fixation plate has to be iteratively fitted on the bone and deformed using bending tools to find the correct fit. The current process is largely a manual process, which increases surgery time, and may lead to other complications including wound infection. Furthermore, multiple deformation attempts may alter the mechanical and structural integrity of the plate, depending on the type and magnitude of the deformation, especially if repetitive bending is performed at the same region. 7 In term of fitting a plate to the underlying bone, two main tasks are involved. First is aligning or positioning the plate, and second is assessing plate fit. Virtual methods using 3D bone and implant models are increasingly used as they allow more accurate fit measurements. However, implant fitting or alignment is still performed manually, except for one report in the literature. 4, 6, 8, 9 Nevertheless, the method used a simple fit criterion in which the clinical implication of the criterion was not clarified. A semi-automatic fitting method which uses clinically relevant fit criteria was proposed, in which plate fitting and assessment were performed using a 3D reverseengineering software. 5 Plate fit was assessed by measuring plate-to-bone gaps in specific areas and the fitting procedure followed a typical registration process, which began with coarse alignment, followed by fine alignment. For coarse alignment, the bone and plate were registered using the regional or corresponding-points matching tool. For fine alignment, the plate position was iteratively improved using the trackball tool to obtain a clinically correct position. The plate was moved exhaustively on the bone surface in small increments to ascertain that the final position was one that satisfied the maximum number of fit criteria while observing the boundaries of clinically correct position. When the plate position was finalized, measurements for fit assessments were conducted. The semi-automatic method has two main limitations. Firstly, the manual fitting process requires extensive time and effort due to its iterative nature. In order to determine whether a plate fit or not, due effort is required to ascertain that it is impossible to find a fitting position for the nonfitting or borderline fitting cases. Secondly, for quantitative fit assessment, a number of measurements at specific locations are required to assess plate fit. Repetitive measuring tasks are time-consuming, and operator-dependent error is likely, especially when processing a large number of bones.
Based on these observations, an automatic plate fitting method is proposed, which is highly beneficial for processing large bone datasets within reasonable computational time and resources, while providing accurate fit assessment outcomes. Furthermore, clinically relevant fit assessment is important to produce optimized plate shapes, which can, in turn, minimize bending and any cost associated with implant misfit.
In term of plate deformation, finite element analysis is a practical option to investigate the effects of various forms of deformation on a plate implant. 10 However, it is important that the simulation reflects the bending pattern and location required by the respective plate shape as realistic simulation of deformation will provide practical information for implant developers and surgeons alike.
In this paper, we proposed an iterative algorithm that integrates an automatic fitting process and a deformation process via finite element analysis (FEA) simulation for fracture fixation plates. The proposed algorithm uses four commercially available software packages, namely Matlab (Mathworks, Natick, Massachusetts, USA), RapidForm2006 (Inus Technology, Inc., Seoul, Korea), SolidWorks 2011 (Dassault Syste`mes SolidWorks Corp, Waltham, MA, USA), and ANSYS (ANSYS, Inc., Canonsburg, Pennsylvania, USA).
The tasks involved in the proposed algorithm are plate alignment, fit assessment, definition of deformation parameters based on the fit assessment outcomes and FEA simulation of the deformation. The discussion will focus on the automatic fitting process, and the integration of the automatic fitting process with FEA. Then, a case to illustrate the implementation of the integrated system is presented.
The iterative algorithm Overview
The proposed algorithm consists of two sections: (i) pre-process and (ii) iterative plate fit and deformation. Pre-processing is required to establish the default models for the algorithm, which are the geometric solid model of the plate and the triangular mesh of the plate undersurface.
The second section of the algorithm is the bulk of the algorithm involving the iterative plate fitting and deformation processes. The iterative process begins with automatic fitting of the plate and bone. At the end of the process, the plate is concluded either as fitting, borderline fitting, or nonfitting. The process terminates if the plate satisfies all fit criteria and is positioned at a clinically acceptable location. Otherwise, the fit assessment data is used to decide the type and amount of deformation required to improve plate fit. This is followed by simulation of deformation using FEA. Then, the updated plate shape is fitted again to assess whether the plate fit is optimal, such that it fits the bone at a surgically acceptable position and is mechanically safe. The process of fitting and deforming the plate is repeated until the plate fits the bone optimally or when the proposed deformation damages the plate. The entire process is summarized in Figure 1 .
Softwares
As mentioned, the algorithm involves four softwares, namely SolidWorks, ANSYS, Matlab, and Rapidform2006. All four are required for pre-processing, while the iterative process requires ANSYS, Matlab, and Rapidform ( Figure 1 ). During preprocessing, all four softwares are used for various tasks, which will be detailed in the next sub-section (Pre-processing tasks). In the iterative process, ANSYS is used to simulate plate deformation, while Matlab is used to perform automatic fitting. In terms of input for the softwares, Solidworks and ANSYS use the solid model of the plate in .sldprt format, and Matlab and Rapidform use the polygon mesh of the plate undersurface in .stl format. The most important data transfer process occurs between ANSYS and Matlab during the iterative process.
Pre-processing tasks
The purpose of pre-processing is to create the default plate models for fitting and deformation to ensure correct data transfer between the fitting and deformation processes, which are performed using two different softwares, Matlab and ANSYS, respectively. The development of the models is summarized in Figure  2 . The original solid model of the plate was provided by the manufacturer (Figure 4(a) ). The solid model used in ANSYS and the triangular mesh model used in Matlab have a common raw data, the undersurface nodes. Since the coordinates of the nodes change when the plate is deformed, the newly deformed shape can be obtained by updating the coordinates of the nodes. Therefore, the undersurface nodes are the main data transferred between Matlab and ANSYS, which establishes the connection between the plate fitting and the deformation processes in the algorithm.
Data transfer between Matlab and ANSYS. In ANSYS, the solid model is first tessellated, whereby the model is discretised into nodes and elements ( Figure 2(a) ). The discretisation allows the undersurface nodes to be extracted using a built-in function in ANSYS by selecting the relevant surfaces on the plate (darker grey shade region in Figure 2 in the form of 3D point cloud, tessellation of the undersurface nodes in Matlab is necessary to produce a triangular meshed surface, which is required for the automatic fitting process. A triangular mesh consists of vertices (or nodes) and faces. The faces of a polygon mesh detailed the connection between the vertices that establishes the faces of the mesh. In our case, the nodes from ANSYS become the vertices to build the polygon mesh of the plate undersurface.
In Matlab, due to the limitation of the current meshing algorithm and the complex shape of the undersurface, the initial (hereafter referred to as raw) mesh contains two types of errors (Figure 3(a) ). First is the inclusion of unwanted faces in empty regions such as at the screw holes (solid box in Figure 2(d) ) and second is nonuniform direction of faces' normal (dashed box in Figure 2(d) ). These errors will cause incorrect plate-to-bone intersection check if they are not rectified. Intersection check is a very important function in the fitting process when searching for the correct plate position. Any error during the intersection check will compromise the optimal plate position result. Hence, it is important that the errors in the raw mesh are rectified. The corrections are performed in Rapidform, whereby the unwanted faces are manually deleted and then, a built-in function to correct face normal is applied. Once corrected, the updated undersurface (Figure 3(b) ) is imported back into Matlab.
The steps to correct the raw undersurface are performed manually, which would increase the processing time between each transfer if done repetitively. The problem is, each time the nodes are imported into Matlab from ANSYS, they have to be tessellated again. This step introduces the two errors discussed previously (unwanted faces and uneven surface normal direction) again, which means that manual corrections have to be performed during each data transfer. One way to avoid repetitive correctional steps in Matlab is to update the coordinates of each node after each deformation. Each node is identified by an index. Therefore, updating the coordinates requires that the index of each node remains unchanged. The nodes are indexed differently in ANSYS and in Matlab, which means that we have two sets of index for the plate undersurface.
In ANSYS, the nodes are indexed based on the total number of nodes of the entire meshed solid model, while in Matlab, the index is based on the number of nodes of the undersurface only. In ANSYS, the sequence in which the nodes are ordered is unclear. For the plate shape used in this study, the total number of nodes for the meshed solid model is approximately 250,000. Amongst these nodes, only approximately 11,000 nodes are located on the plate undersurface. Due to the way the nodes are indexed in ANSYS, the index for the undersurface nodes could have any number between 1 and 250,000. When the undersurface is imported into Matlab, the tessellation step introduces a new set of index numbering from 1 to 11,000. Furthermore, each tessellation step introduces a new set of index each time.
There are two conditions in order to ensure that the coordinates of each node are updated correctly after each deformation. First, both sets of index have to remain unchanged throughout the iteration process and, second, both sets of index have to be matched to each other so that the correct plate shape is reflected. In Matlab, the nodes index change when tessellation is repeated, while in ANSYS, they change when the geometric model changes. Since the tessellation of the undersurface mesh in Matlab is based on the nodes extracted in ANSYS, it is important that the index of the nodes in ANSYS remains the same, which means that the geometric model cannot change. Changes to the geometric model occur when new faces or sections have to be created on the solid model ( Figure 4 ). For our purpose, this could happen when a specific loading or gripping area is required on the plate, but is unavailable for selection. Therefore, it has to be added to the model, which would then require the model to be re-meshed. Meshing of the new geometric model would then create a new set of nodes and index.
When the total number of nodes and index changed in ANSYS, the nodes have to be tessellated again in Matlab. Therefore, the entire process of meshing, correcting the mesh and matching the two set of indices needed to follow, preventing automatic process. One way to solve this was to create a default geometric model of the plate for usage in ANSYS and a default plate undersurface for usage in Matlab. That way, the meshing, correcting the mesh and matching the different sets of indices only have to be performed once as pre-processing tasks.
The default geometric model. To avoid any change in the default geometric model, the model requires sufficient details to allow flexible and accurate definition of deformation parameters i.e. the loading and gripping areas, which depends on the fit criteria of each implant. For the distal tibial medial plate used in this study, the original solid model provided by the manufacturer consists of a number of surface sections. The number of surface section was lower with large surface area where the shape is uniform, such as at the proximal shaft of the plate. In contrast, there are higher number of partitions with smaller area where the shape is more complex, such as at the distal end of the shaft. When simulating a deformation in ANSYS later, the load is applied on the entire surface section or at the edges of the section. In order to apply the load accurately, we required finer surface partitions than those provided by the manufacturer. Therefore, the model was further partitioned into several surface sections with smaller sections in the fit assessment regions in SolidWorks. The newly partitioned model was saved as the default geometric model (Figure 4(b) ). All deformation was simulated using the default geometric model in ANSYS, and the updated node coordinates were transferred to Matlab for shape update and subsequent alignment and fit assessment.
The default undersurface. The undersurface nodes from the default geometric model are extracted in a text file format (.lis) detailing the nodes' index and their 3D coordinates. As discussed previously, the nodes' index from ANSYS is based on the total number of nodes of the solid plate model. These undersurface nodes are tessellated in Matlab, which introduces another set of index based on the total nodes of the undersurface. The raw undersurface mesh is corrected manually in Rapidform and imported back into Matlab as the default undersurface (Figure 3(b) ). Both sets of index are matched to ensure that the correct nodes coordinates are updated after each deformation.
Iterative process
Automatic plate fitting. The process is an optimizationbased alignment algorithm, which aligns or fits the plate to the bone by optimizing the plate-to-bone fit based on the clinical and anatomical requirements of the plate. As each plate shape is site-specific, and as the plate design varies with manufacturers depending on the sampled population and the targeted site, the fit criteria and correct clinical location are platedependent. 11, 12 The process consists of three modules: initial, global, and fine ( Figure 5 ). In the first module, the plate and bone are brought together so that they are closest to each other. In the global alignment module, the plate is positioned at the centre of the identified area as best as possible. To do so, the clinically acceptable area is first identified. During the process, the fit criteria are not considered at all. Therefore, at the end of this module, we have a centrally positioned plate within the clinically acceptable area that may not necessarily have the best fit based on its fit criteria. However, it provides a reasonably correct initial plate position for the next module. The final step is the fine alignment module, during which the plate roams on the bone surface to search for the optimal position.
First assessment. The first assessment is performed to determine if the plate requires deformation. The fitting process is performed as detailed above, beginning from the initial alignment until the fine alignment. Plate fit is assessed against specific clinically-based fit criteria. At the end of the process, the plate is categorized as fitting or non-fitting and a plateto-bone distance map is created.
Defining the deformation parameters. Conversion of the fit assessment outcome into deformation parameters is performed based on the plate-to-bone distance map of the current plate position (Figure 6(a) ). The task has to be performed manually and iteratively due to its complexity. For simplification purposes, we chose to apply bending based on displacement for all types of deformation. Therefore, the parameters that have to be defined are the gripping areas, the loading areas, and the amount of displacement to be applied at the loading areas.
Based on the distance map, we identify the nonfitting and well-fitting areas on the plate. The areas where the plate is very close to the bone (<1 mm) are considered as potential gripping areas because changes in shape in these areas may cause the plate to intersect the bone, especially if the gap is very small and spans the plate width. After analysing the detailed fit assessment outcomes and the pattern of the distance map, the most suitable loading and gripping areas that would produce the desired shape are determined iteratively.
Generally, three types of bending can be performed using currently available bending tools to optimize plate fit: in-plane bending, out-of-plane bending, and torqueing. All three types can be achieved using bending irons. Additionally, out-of-plane bending is also achievable using a bending press. Nevertheless, there are limited ways and areas that a fracture fixation plate can be deformed using these tools. Ease of contouring depends on plate material, plate design, contouring tools and the complexity of contour. 7 Depending on the plate design too, a preferred bending site could also exist. For the distal tibial medial plate, the limited contact design makes it easier for bending to occur in the section between the screw holes, instead of through the screw holes. 7 Furthermore, deformation in the area where the plate contour is complex and should fit to specific anatomical site could be impossible without customized tools. For the distal medial tibial plate, this area is the distal section. All of these factors have to be considered when defining the deformation parameters, which are translated into boundary conditions for FEA simulation of the deformation.
Deformation via FEA simulation. After determining the parameters, deformation is then simulated using FEA. Material properties of stainless steel 316L or Ti-6Al-4 V alloys are used for each deformation ( Table 1 ). The geometric model was generated in SolidWorks 2011 as detailed previously and imported into ANSYS Workbench 13.0 (or 14.5) for static structural analysis. Boundary conditions are applied based on the specific deformation parameters for individual plate. The loading is applied based on displacement. An example of FEA deformation of the same plate can be found in a previous paper by one of the co-authors. 10 With each simulation, FEA updates the plate shape and checks whether the deformation is mechanically safe for the plate i.e. does not cause plate failure.
Subsequent plate fitting. After FEA simulation is completed in ANSYS, the updated coordinates and the index of the undersurface nodes are extracted and imported into Matlab. In Matlab, the coordinates for each node are updated to reflect changes in plate shape. Next, plate fitting is performed to assess if an optimal plate has been generated after the implemented shape optimization. Since the process continues from the position of the previous plate, only the fine alignment part of the fitting process is performed. The iteration ends when an optimal fit is found.
Implementation of algorithm Figure 6 illustrates an example of how the fit assessment results are used to determine the deformation parameters and therefore, the boundary conditions for FEA simulation. For the plate used in this study, the fit criteria are as follows: (i) five regions in the distal section, each with maximum plate-bone distance of 2 mm, (ii) the middle-third region with maximum plate-bone distance of 6 mm, (iii) the proximal angle with maximum angle of 10 , and (iv) the proximal end with maximum plate-bone distance of 4 mm. 5 Based on the plate-to-bone distance map in Figure 6 (a), the plate did not satisfy any fit criteria after the first alignment. As seen in regions (ii) and (iv), the gap on the posterior border of the medial surface was smaller than the gap on the anterior border. Therefore, twisting the plate about the long axis of the shaft could help to improve plate fit. However, extensive twisting may cause the gap on the posterior border to go beyond the fitting tolerances in regions (ii) and (iv). Therefore, the right amount of twisting was required to ensure that the anterior gap reduced sufficiently and the posterior gap remained within the fit tolerances of the respective areas ((i) in Figure 6(b) ).
After deformation and subsequent plate fitting, the plate satisfied all fit criteria in the shaft, but not in the distal subregions. Therefore, a second deformation was required to improve the fitting in the distal section. The second deformation involved bending of the entire distal section ((ii) in Figure 6(b) ). Following the second deformation, the plate was well fitting for the tibia (Figure 6(c) ), which ended the iteration process. The difference in plate positions between the original and deformed shape is illustrated in Figure  6 (d). Any change in plate shape changes the potential optimal fit location, hence realignment is required.
Discussion and conclusion
This paper introduces a novel iterative approach to obtain patient-specific fracture fixation plate that is optimally fitting through a cycle of plate positioning, fit assessment and FEA simulation of plate deformation steps. We demonstrated the feasibility of the proposed approach on a nonfit case selected from a previous study. 15 To achieve an optimal fit for this case, the plate underwent two iterations of deformations based on the finding of a previous study. 16 In maxillofacial surgery, a semi-automated bending machine for orbital floor titanium mesh was proposed to obtain patient-specific implant for the orbital floor. 17 In the study, a 3D model of the orbital floor anatomy is sent to a machine consisting of a perforated metal plate equipped with gliding metal cylinders, whereby the cylinders are moved to a certain height to form the modelling clay. The mesh is then hand-pressed to take its shape when the clay hardens. Nevertheless, compared to a stainless steel or titanium plate, the orbital floor implant is easily deformed, is it is a very thin piece of titanium mesh (1 mm thick). On the other hand, the distal medial tibial plate (3.6 mm thick steel) used in this study has a nonuniform shape may not be contoured as easily. Applying the same concept may be feasible; however, the mechanical and elastic property of the metal, and its nonuniform shape, have to be considered in determining the bending point or area. 7 One of the limitations of the proposed algorithm is that it requires an intact bone for plate fitting. Secondly, the algorithm is not fully automated. Only tasks performed in Matlab were fully automated, mainly the plate fitting step. Once the plate shape is updated after a deformation, the plate is moved to a clinically correct location. Then, during fine alignment, the plate traverses the bone surface to search for an optimal position as defined by the fit criteria and clinically correct area for the plate.
Due to the limitations of the algorithm, in its current form, the approach may be suitable for preoperative planning for cases with intact contralateral bones for which the bone models could be mirrored to the affected side. Extensive work is required to have a fully automated process, and to extend the approach for fractured bones. First, the process of defining the deformation parameters, currently performed manually, has to be automated. The complexity lies in correlating and generalizing the fit assessment outcomes with the types of deformation. Next, the simulation of deformation via FEA has to be automated. Both are part of our on-going work to develop a fully automated system.
Despite the limitations, the current study demonstrated successful data transfer between multiple platforms or softwares, which results in an optimally fitting plate shape for individual bone. The proposed approach is easily transferable for implants of other anatomical sites subject to their respective fit criteria. In that way, automating the proposed approach would indeed contribute significantly toward providing patient-specific orthopedic fracture fixation implants. 
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